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ABSTRACT

Digital Subscriber Lines (DSL) are an important part of the broadband communications
infrastructure. With the advent of multi-user MIMO based DSL systems (called Vectored
DSL), far-end crosstalk has ceased to be the dominant impairment in DSL receivers. In-
stead, alien noise sources (possibly intermittent in nature) such as power supplies, home
appliances, motors, commercial radio broadcasts, and other services in the DSL band like
PLC modems have become the primary impairments. While techniques like interleaved
Reed-Solomon coding based forward error correction (FEC) and physical layer retrans-
mission, incorporated into DSL standards can help mitigate the impact of these alien noise
noises, additional partial or complete noise cancellation can complement the FEC and re-
transmission capabilities. Since DSL relies on differential mode (DM) transmission for
the data signal over copper twisted pairs, and alien noise couples onto the twisted pair
electromagnetically as a common mode (CM) signal, an additional CM sensor at the re-
ceiver offers an extra degree of freedom, which can be used to cancel the alien noise that
leaks into the differential mode. However, there are two main challenges when using the
CM sensor for noise cancellation. The first problem is that although the common mode
to differential mode coupling can be modelled as a linear time-invariant (LTI) system, it
has to be assumed as a finite impulse response (FIR) filter with a long impulse response
(of the order of hundreds of taps), and no simpler model or detailed characterization is
available. This results in high complexity for training and cancellation, as well as longer
training time. The second challenge is that the estimation of the coupling (i.e., training of
the noise canceller) has to be done in the presence of a much stronger data mode signal
(around 25 —30 dB stronger) than the alien noise signal in DM, which makes this problem

akin to a signal of interest buried in impairment type estimation problem. Therefore, a



large amount of averaging is needed for accurate estimation, resulting in a slow conver-
gence of the training algorithm. Decision-directed estimation cannot be directly employed,
since the DM signal to uncancelled alien noise ratio can be lower by around 25 —30 dB, as
compared to the regular data mode signal to noise ratio (usually around 50 dB), resulting
in error probabilities close to 1. This thesis aims to solve these challenges, in order to con-
struct a practically feasible method for utilizing the common-mode sensor for alien noise
cancellation, as well as explore additional issues introduced by considering the proposed

method(s).

Our proposed solution is based on the use of the frequency-domain “Per-Tone” model
for training and cancellation, wherein we falsely assume that alien noise has a cyclic struc-
ture, thus introducing an approximation in the CM-DM signal coupling model. The use of
the frequency domain Per-Tone model allows us to introduce decision-directed estimation
very conveniently since DSL uses OFDM data transmission. The Per-Tone model also
enables low-complexity training and cancellation, besides having other implementation
related advantages. We have proposed a low complexity two-stage algorithm for train-
ing the Per-Tone canceller with a non-decision-directed first stage, and a second iterative
decision-directed stage, that has a reasonably fast convergence. We have provided a de-
tailed analysis of the convergence of both stages of the proposed algorithm. The validation
of the efficacy of the proposed algorithm presents an additional challenge, since there is no
standard statistical noise model available for alien interference, as its nature varies widely
from source to source. To work around this problem, we have demonstrated the efficacy of

the algorithm via simulations using an adversarial non-stationary noise model.

Further, we have also proposed a joint time and frequency domain algorithm for train-
ing the noise canceller, which has high complexity but very fast convergence and provided
some limited justification for its convergence. Additionally, we have also proposed an-
other variant of the frequency-domain Per-Tone training algorithm, which has high mem-
ory requirements but faster convergence than the two-stage Per-Tone algorithm mentioned
earlier. Both of these algorithms are not amenable to rigorous analysis but can be useful in

practice.
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The other significant contribution in the thesis is the analytical treatment of the Per-
Tone model. The Per-Tone model, which falsely assumes that the alien noise signal has
circulant structure, has an inherent approximation. Due to this inherent approximation, the
residual post-cancellation noise in Per-Tone cancellation can be higher than the residual
noise in cancellation by linear (time-domain) convolution. We have analytically derived
the expression for the residual noise power and suggested a method to optimize it using
a “post-training” delay adjustment. Next, we derive the exact relation between the “true”
time-domain impulse response of the coupling and the response obtained by the inverse
discrete Fourier transform of the Per-Tone coefficients. Using results from the asymp-
totic equivalence between Toeplitz and circulant matrices, we show that this exact relation
can be approximated very simply in most practical cases, resulting in a simple method
to derive the time-domain impulse response from the Per-Tone coefficients, which in turn
can be used to offer improved cancellation performance. This line of analysis is further
used to derive the analytical justification for the good performance of the Per-Tone model,
despite its inherent approximation. We point out that in case of Per-Tone cancellation,
the residual noise can be potentially strongly complex non-circularly distributed resulting
in some additional loss of performance. We analyze this effect and show that for wide-
band noise scenarios, this effect may be mild. Further, we analyze the impact of complex
non-circularly distributed Gaussian noise on the performance of the four-dimensional (4D)
Trellis Coded Modulation (TCM) used in DSL standards, and suggest measures to improve

the performance of the code in this scenario.
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f3fSicer HeuwIss omg=d (DSL) §iisss HUR & U Agcdqul feear § iy
STGEYT| E-3TAIThcT MIMO 3TenRa SredTe fiEea (de¥s SITaTe gl ST &)

& AT & 1Y, §I-3d shiaeeis DSL Reftar 1 wogw g1fet gl i 81 91am 81 36
qorTy, TaeRl AR T (F3a: Ui H Toh-3eh X)) TaSToll T 3T, Be] 3T,
Ay, aroifeas WA JaRor, AR dived ASA S SITHTS o5 # 31T Jarw
JrafAe gaag a9 313 &1 STdTh Sclalles AS-TleiiHsT hITSIT ST dehelleh TR
e GUR (FEC) 3R Hifcreh el of: Jaer, STuduel # nffiel #Hieleh 3o faeeh 4R ek
& JHIT 1 HH Ha H Heg H Hohd 8, ITaRerd 3nAs A1 quT A TGgeor FEC
3R GAERAT STHATIN T Reb F Hebell ¢ ST oid & 378 SeT faetel & faw
ATHTA R AZ (30A) grafATT R IR Far g g, 3R el ok I &1 v
AT HIS & T H fIegd graehrd T & H3 SISt | () Fehd, REaw
HIARFT WA FE FAAAT AT T HTARFA 33T TaT L g, Tordenr 3urer
fasice Als & ol giet arel el AR &l Teg el & folT fRar 1 &ohar g1 gTelifeh,
AN e el o ToIU Hive A6 &1 3UANT ad AT & ALT YaAlfaar g1 ggel
AEDT ¥g ¢ & A A 8 BweiREe Aig wufder g godl § e Ew
JAT-3ARGTAT (LTI) JuTell o ¥9 & AT, 30 Teh IRTAT 37397 & §T H JgoT
forar ST § IfAfshaT (TH3MS31R) T ot 39T Ufafshar (Hahst Aot & 37Ser) & ATy
fiheet &I &, 3R @ W Alser A1 fAFJd F&I0T auled 3Ty g1 3
IRUMAETET 3T Sifeeldr glal § TiRIETOT 3R faedientor, ary € |y yiefor
HHI | GEY oAl TE & o JIdAsT T 3TATT (TTelT, AR HHR T FiRI&ToT) 3ufefa
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ﬁmmgﬁﬁﬁﬁ%m@fgddlﬁdgdHdd“dgaﬁl's’ﬁ??lﬁ(ﬂ?TWTZS-SO'sﬁ'cﬁ'
FSICT) TTH 3 Hehdl, ST H HHEIT 1 gliel & ThR H Ghel SATST o Hehdl o HHTS
FATAT § 3Toholel I THALAT| SATAIT, Telh o [olT §3T AT & 3Td T 3maegehdr
Bl & 37T, TRIGTOT UedllRTH & Ush el a1y & ITAEROT & aRumHEEwT)
fAUTT-AERIT 3regAe @e A o TS FET foham T Fehell &, @/ ifeh Siud ffaetel
AT faeelt 9 & fav AR & AIfAT ST Als ffaetel T Jofll H HeIure Sreyar
25-30 SIl o A g Fehdl § IUld (THAN W of@re@r 50 Siaf), foraeh
IRUTHATIET I THTGATT 1 & HI9 81 58 /A Y & HAT ¢ 3o GeAlca, dTfeh
THATT-AS TET FT 3TAT Y & [T AagiRe &7 F gagy 3fr & AT
fomam ST &k wferget sAiger Hace & fow, a1y € edriad f&afer ov faam e ow
fohw 1w 31fARFT Heel 1 adr ey

FHART FEATTId HATUT GiR16T0T & fov Agfa-se “gfd-Fa” Alse & 30T @
3R § 3R e, Toae §H I8 A & T fagel T &7 wshig e3== &, 59
YR HUHA-SITH ATl Shufeer Alsel # Ueh Hleatehest Y& Al ITGRT HT 3uTeT
@ﬁﬂﬁ-mﬂﬁaaﬁﬁvﬁ-ﬁé@awa@ﬁ%ﬁmﬁa@ﬁm%
AT & DSL OFDM 3T SRzl &1 3UANT T &1 Yid-eled Alse 8 HaTH ST
¢ 31T Fleadel ¥ HETUd glel & IeTaT, FH AT TIRNET0T R IEg el Hg |
g1 UfNeToT & foIT T e Afeoldl arel GI-TROT & UedlIRGH &l J&did fhar &
IN-FAoT- R T TRoT & ey wfa-eiet SRR, 3R gE g Fo-TERa
TROT, TSrEH R ot & HTHTOT YA &1 §HA YeTel foham & Jedlidd TeanRed &
et =ROT & HREOT F faeqa faeeiwor) yeanfad veanes & wemasmRar &




AT Teh HTARFT YeAlel TEJT el 8, Fifeh [l g&qaiy & fav 18 AT
FITETHIT AR ATSE YT 61 &, SHh! Fehic & &I H FId H AT deh cATIeh &I &
et ST &1 3 THEAT FI &1 el & oI, g FHIGRTRAT &7 Y& fhar & v
Tfceher IR-FEUR AR ATS T ST e RAHAAT & AEIH A VeI

S8 3TeTdl, e IRIGTOT & AU Uoh HgoFd AT 3R 3MgRT S1AT ToanRea ot
gEAIad R & oM (e, T 3Ta Sifeerdr & Afthe agd ol & AR 3R
$S FelT H § gHH AW & fav MfAT e sad 3faRed, ga v 3R
FERoT 81 sEaTiad fhar § 3ngfa-staeT ufd-ai giRieTor teaRes, o 3=
AT MaRIHATT § AfeheT & TROT YT SeT ToaliRLHA T Jofalt & coit & 3ifaravor
Ugel 3o fHaT T §1 Sl A TedlRegH FoR faReINur & fav 3aerl =187 &,
et cdeR & 39l & g&a &

NEE # 31T Agcayul AN WA I [AAT0McAS IUAR ¢ 36 e
HISH, St Fg AT ¢ o [ae=l 4R Hehc H TehoR T 8, Ueh IHcAToA el HiooTeheel
1 5T Jidfiied Hleslhce & HRUT, W-Tlel ICEIHT 7 IATRISE ICEIHOT o TS T
AR T TehT g TWh (TTSH-BIHT) Feldeeled GaRT GG el H HAfAST AR & 31fH
g1 BH TALINUIcHS & U AT AN AT & foIw 3iFeaied foehrel & 3 we
die-gfoler " & HATAISTT T IUAT FXeh S 3HeTehiolcl et T Ueh cIehl ST 1
Sq 916, §H JIAT & WL " TA-SA 31maar gfafwar 3 wfd-ee ot &
gcshH AT PRIV FUICROT SaRT Yo FTATHT o ey Theh Haer TIecT Al &1
el IR TpeR AfH & i TRifea@ Jeadr & TROMAT FT 39T FI g,
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& Tl § T 5 TEF T I AR cHTagIRE ATl # g Tl & THS
ST Fehal &, forash aRumATawT RS ol & FAI-SAF 3raer gfafwar grea
A T U T dUHT ¢, ToTdH Tol T ITANT SgcX IGGIHI0T UG2TeT hl U2Teher h
forT fohar 1T @ehaT &1 TaReIvuT ST 37 TFd T 3UTNIT UR-CleT AISel oh 37TS TG h
T avucHs R ureg a=ar & AT fovar S1ar §, 58 3idfafed GieeiehesT
& dTaolG | §H ddld & o UR-SleT TEEIUT & HATHl #, 7afIse e HHTfad §9 4
Sfeer IR-aRT &9 & AR fohar S dehdr & S aRumaAEasy ved= 1 o
AR THETT g TRl &1 57 38 THIT &1 f3eor F¥a § 3R 9 § o arssels
Y Rl & T, T§ WG gl & bl &1 ST 3TclTdl, §H STV Al &
39T fhT SiTel dTel IR-3TATAT (4D) el HISs AP (TCM) & Jasled T
Sifeer IR-IRIT &7 & FaRka M{IT R & ga7a &1 fAgewor &a §, 3R sa
URERT H IS & TG I FURA & IUT AT 8 |
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NOTATION

Lower-case letters, e.g., ¥4, 24, heca
Upper-case letters, e.g., Yy, Yq
Boldface letters, e.g., H, hq
Superscript with bracket, e.g., Y ("
Subscript with bracket, e.g., B
Subscript d, e.g., Yy

Subscript ¢, e.g., Y,

Subscript cd, e.g., heq

Subscript dc, e.g., hg.

Subscript or superscript ndd, e.g., P
Subscript or superscript dd, e.g., B4q
Superscript T, e.g., Af

q

~

= v =

Wp

Time-Domain Signals
Frequency-Domain Signals
Matrices and Vectors

DMT Symbol Index

Iteration Index

Differential Mode Signal
Common Mode Signal

Common Mode to Differential
Mode Coupling

Differential Mode to Common
Mode coupling

Non Decision-Directed
Decision-Directed
Moore-Penrose Pseudo-Inverse
Subcarrier Index

Sample Index in Time-Domain
Number of DMT symbols

Size of DFT in Number of Samples
Length of CM to DM Coupling
Time-Domain Impulse Response
Time-Domain Impulse Response
Per-Tone Cancellation Coefficient
Time-Domain Canceller

PX P DFT Matrix (un-normalized)
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Superscript 7', e.g., h”
Superscript H, e.g., WH
2z, 4

v,V

x, X

Wgicer(Y)

Twiddle Factor for a P sized DFT
Frobenius Norm

Standard Q function defined as

_az2

Qz) = \/%fmooe > dx

Expectation Operator

Autocorrelation Matrix

Autocorrelation Sequence

Transpose of a Matrix/Vector
Hermitian Transpose of a Matrix/Vector
Alien Noise Signal

Background AWGN

Data Signal

Slicer or Decision-Device Function,
which returns the closest (in terms of

squared distance) constellation point to Y’

XXX



	ramanjit singh ahuja-2012eez7508.pdf



